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SYNTHESIS OF NEW ORGANIC SEMICONDUCTORS BASED ON      
POLY (2-ANILINOETHANOL) DOPED DIFFERENT ACIDS AND 
INVESTIGATION OF THEIR ELECTRO-OPTICAL PROPERTIES 
SUMMARY 
Among conducting polymers, PANI has received greater attention due to its 
advantages over other conducting polymers. Simplicity of its preparation from cheap 
materials, superior stability to air oxidation, controllable electrical conductivity by 
doping and de-doping, reversible electrochromism make it very useful in preparing 
light-weight batteries, electrochromic devices, sensors and electro-luminescent 
devices. 
Despite great potential use of PANI it‟s processing has remained a difficult problem 
due to its insolubility in common organic solvents. About 1% of solubility is 
observed in N-methyl, 2-pyrrolidone (NMP) which also acts as plasticizer. 
Incorporation of alkyl substituents increases solubility, however, electrical 
conductivity reduces. 
In this study, 2-anilinoethanol was used as monomer and this monomer was 
polymerized by using different acids as doping agent. 
The obtained polymers was characterized by using spectrophotometric methods such 
as FT-IR, UV-Vis and NIR. The conductivity of the polymers was investigated.   
Preparation of the poly(2-anilinoethanol) (PANI-OH) 
2-anilinoethanol was polymerized in the presence of the different acids. But, BF3  
and methane sulfonic acid salts of the 2-anilinoethanol were obtained before 
polymerization reactions. 
 
NH-CH2CH2OH  +       (NH4)2S2O8   
H2O
N N N N
n
HX
X X
+
R
R: CH2CH2OH
R
R
R
 
Scheme.1: Preparation of the PANI-OH 
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Oxidation of 2-anilinoethanol with ammonium persulfate (APS) (in 1.0:1.0 molar 
ratios) in water yields organo-soluble PANI-OH (Scheme 1). 
Obtained polymers prepared in water are all soluble in common organic solvents, 
such as NMP, DMSO, THF, acetone and 1,4-dioxane. Solubility experiments results 
were given in Table 1. Water, diethyl ether and hexane are non-solvents.  
Table.1: Solubility properties of Poly(2-anilinoethanol) (PANI-OH)  different 
dopants 
SOLVENT HCl BF3 PAMP DBSA Phosphoric 
Acid 
Methanesulfonic 
Acid 
Acetone + - + + ˪ ˪ 
Toluen + - ˪ + ˪ + 
Ethanol + ˪ + + ˪ + 
Methanol + ˪ + + ˪ ˪ 
THF + - + + + + 
Ethyl 
Acetate 
+ + + + + + 
 
The obtained polymers have hydroxy ethyl substitued group therefore solubility of 
the polymers are beter than the PANI. 
Characterization of the polymers 
Spectroscopic  and electrical characterization of the obtained polymers were 
investigated. 
Two absorption bands, one with maximum at 320 nm is associated with Π-Π*   
transitions of benzenoid and semiquinoid rings. Blue shift of the second band by 
doping with acids are observed as usual. Another shoulder around 620 nm can be 
ascribed to the Π-Π*  transition for quinoid moiety according to the UV-Vis 
spectrums of the polymers. According to the Fig 1, this peak was not observed in 
basic medium. 
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Figure 1: UV spectrum of PANI-OH Citric Acid doped (a), UV spectrum of  PANI-
OH in ammonia solution (b) 
Electrical conductivity properties of PANI-OH doped different acids 
Electrical conductivities of the doped polymers were obtained by using electrometer. 
The obtained results were given in Table 2. 
The conductivity values change between 3.30×10-5 - 4.82×10-10 S cm-1 depending on 
dopants. 
Table 2: Electrical conductivity values of PANI-OH doped different acids 
PAN-OH+DOPANT TEMPERATURE 
(K) 
ELECTRICAL 
CONDUCTIVITY 
(S cm
-1
) 
3-Tpiopheneacetic Acid 303.7 4.82×10
-10
 
 
BF3 307.6 3.80×10
-7  
Citric Acid 300.5 3.30×10
-5  
Phosphoric Acid 305 2.39×10
-7  
Iminodiacetic Acid 303.7 1.88×10
-7 
 
Methanesulfonic Acid 306.7 1.18×10
-8  
Oxalic Acid 307.6 2.28×10
-7  
 
The activation energy values were obtained from the figures (ln σ vs 1000/T)  and 
the results were given in Table 3. 
  
xx 
Table 3: Activation energies of PANI-OH doped different acids 
PANI-OH+DOPANT EI (eV)  EII (eV)  EIII (eV)  
3-Tpiopheneactic acid 0.60 0.38 0.18 
BF3 0.15 0.38 0.49 
Iminodiactic acid 0.17  0.44  0.65 
Methanesulfonic acid 0.31  0.70  0.43 
Oxalic acid 0.23 0.40  0.26  
Phosphoric acid 0.35  0.59  0.27  
In conclusion, the obtained electrical and optical results indicate that the various 
acids doped polymers are typical organic semiconductors with the determined optical 
band gap and room temperature electrical conductivity parameters. 
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FARKLI ASĠTLERLE DOPLANMIġ POLĠ(2-ANĠLĠNETANOL) ESASLI 
YENĠ ORGANĠK YARIĠLETKENLERĠN SENTEZĠ VE ELEKTRO-OPTĠK 
ÖZELLĠKLERĠNĠN ĠNCELENMESĠ 
ÖZET 
PANI diğer iletken polimerlere göre daha avantajlı olduğundan dikkat çekicidir. 
Ucuz malzemelerden kolay hazırlanıĢı, hava oksidasyonuna karĢı kararlı olması, 
doplanmıĢ ve doplanmamıĢ halde kontrol edilebilir elektriksel iletkenliği, tersinir 
elektrokromizm gibi özelliklerinden dolayı hafif ağırlıkta piller, elektrokromik 
aletler, sensörler ve elektro-luminesans aletlerin hazırlanıĢında kullanıĢlıdır. 
PANI‟nın avantajları olmasına rağmen yaygın olarak kullanılan organik çözücülerde 
çözünememesinden dolayı hazırlanıĢı ve sentezi zordur. N-metil, 2-pirolidon (NMP) 
içinde %1 civarında çözündüğü görülmüĢtür. Alkil substitüentlerin varlığı 
çözünürlüğü artırmasına rağmen elektriksel iletkenliği azaltır. 
Bu çalıĢmada 2-anilinetanol monomer olarak kullanılarak farklı doplayıcı asitler 
varlığında polimerleĢtirilmiĢtir. 
Elde edilen polimerler FT-IR, UV-Vis ve NIR gibi spektrofotometrik metodlarla 
karakterize edilmiĢtir. Polimerlerin iletkenliği araĢtırılmıĢtır. 
Poli(2-anilinetanol) (PANI-OH)’ın hazırlanıĢı 
Farklı asitlerin varlığında 2-anilinetanol polimerizasyonu yapılmıĢtır. 
Polimerizasyondan önce 2-anilinetanol‟un BF3 ve metansülfonik asit tuzu elde 
edilmiĢtir. 
NH-CH2CH2OH  +       (NH4)2S2O8   
H2O
N N N N
n
HX
X X
+
R
R: CH2CH2OH
R
R
R
 
 
ġema 1: PANI-OH‟ın hazırlanıĢı 
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2-anilinetanol‟ün suda amonyum persulfat (1.0:1.0 molar oranda) ile oksidasyonu 
sonucunda organik çözücülerde çözünebilen PANI-OH elde edilmiĢtir (ġema 1). 
Elde edilen polimerler NMP, DMSO, THF, aseton and 1,4-dioksan gibi genel 
çözücülerde çözünmektedirler. Çözünürlük deney sonuçları Tablo-1‟de verilmiĢtir. 
Polimerler, su, dietileter ve hekzanda çözünmemektedirler. 
Tablo 1: Poli(2-anilinetanol) (PANI-OH)  farklı dopantlarda çözünürlük özellikleri 
ÇÖZÜCÜ HCl BF3 PAMP DBSA Fosforik 
Asit 
Metansülfonik 
Asit 
Aseton + - + + ˪ ˪ 
Toluen + - ˪ + ˪ + 
Etanol + ˪ + + ˪ + 
Metanol + ˪ + + ˪ ˪ 
THF + - + + + + 
Etilasetat + + + + + + 
 
Elde edilen polimerler hidroksi etil substitüe grubuna sahip olduğundan polimerlerin 
çözünürlükleri polianiline göre çok daha iyidir. 
Polimerlerin Karakterizasyonu 
Elde edilen polimerlerin spektroskopik ve elektriksel karakterizasyonları 
araĢtırılmıĢtır. 
 
ġekil 1: Sitrik Asit doplu  PANI-OH‟ın  UV spektrumu (a), amonyum çözeltisinde 
UV PANI-OH‟ın UV spektrumu (b) 
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Biri maksimum 320 nm de görülen  pik Π-Π* benzenoid ve semiquinoid halkaların 
geçiĢiyle iliĢkilidir. Asitlerle doplanarak ikinci bandın yüksek dalga boylarına 
kaydığı gözlenmiĢtir. Polimerlerin UV-Vis spektrumlarına göre bir diğer pik kinon 
grubuna ait 620 nm civarındaki Π-Π*  geçiĢini göstermektedir.  ġekil-1‟e göre bazik 
ortamda bu pik ortadan kaybolmuĢtur. 
Farklı asitlerle doplanmıĢ PANI-OH’ ın elektriksel özellikleri 
DoplanmıĢ polimerlerin elektriksel iletkenlikleri elektrometre kullanılarak elde 
edilmiĢtir. Elde edilen sonuçlar Tablo-2 de verilmiĢtir. 
Ġletkenlik değerleri dopantlara bağlı olarak 3.30×10-5- 4.82×10-10 S cm-1 arasında 
değiĢmektedir. 
 
Tablo 2: Farklı asitlerle doplanmıĢ PANI-OH‟ın elektriksel iletkenlik değerleri 
PANI-OH+DOPANT SICAKLIK (K) ELEKTRĠKSEL 
ĠLETKENLĠK  
(S cm
-1
) 
3-Tpiopheneacetic Acid 303.7 4.82×10
-10
 
 
BF3 307.6 3.80×10
-7  
Citric Acid 300.5 3.30×10
-5  
Phosphoric Acid 305 2.39×10
-7  
Iminodiacetic Acid 303.7 1.88×10
-7 
 
Methanesulfonic Acid 306.7 1.18×10
-8  
Oxalic Acid 307.6 2.28×10
-7  
 
ln σ‟ ya karĢı 1000/T grafiklerinden aktivasyon enerji değerleri elde edilmiĢtir ve 
sonuçlar Tablo 3 te verilmiĢtir. 
Elektriksel ve optiksel sonuçların değerlendirilmesi sonucu hazırlanan polimerlerin 
belirlenen optik band aralığı ve oda sıcaklığındaki elektriksel iletkenlik 
parametrelerinden tipik organik yarıiletkenlerin davranıĢına sahip olduğu 
gözlemlenmiĢtir. 
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Tablo 3: Farklı asitlerle doplanmıĢ PANI-OH‟ın aktivasyon enerjileri 
PANI-OH+DOPANT EI (eV)  EII (eV)  EIII (eV)  
3-Thiopheneacetic 
acid 
0.60 0.38 0.18 
BF3 0.15 0.38 0.49 
Iminodiacetic acid 0.17  0.44  0.65 
Methanesulfonic acid 0.31  0.70  0.43 
Oxalic acid 0.23 0.40  0.26  
Phosphoric acid 0.35  0.59  0.27  
 
1 
1. INTRODUCTION 
The semiconducting and conducting polymers, which have conjugated structure such 
as polyaniline, polypyrrole and polythiophene, have been used in an increasing 
number of applications. The electrical an optical properties of conjugated polymers 
can be improved by doped with a suitable oxidizing reagent and by changing organic 
groups in the structure of the chemical of the polymers. Polyaniline is one of the 
most promising conducting materials for applications in optoelectronics and 
microelectronics devices. 
The electrical conduction in macromolecular systems is an interesting research field, 
from both theoretical and experimental points of view. The conjugated polymers 
exhibit conducting or semiconducting properties. Semiconducting polymers are now 
attracting considerable attention as promising materials for the development of 
optoelectronic devices. 
Polyaniline (PANI) is a p-type semiconductor. The fabrication of polyaniline-based 
microelectronic devices such as diodes and transistors has been reported. 
Semiconducting polymers have been used in the fabrication of microelectronic 
devices including field effect transistor (FETs), Schottky diodes, light emitting 
diodes (LEDs), etc., due to their unique electrical, optical, and magnetic properties. 
Among conducting polymers, PANI has received greater attention due to its 
advantages over other conducting polymers. The simplicity of its preparation from 
cheap materials, superior stability to air oxidation, controllable electrical 
conductivity by doping, and reversible electrochromism make it very useful in 
preparing lightweight batteries, electrochromic devices, sensors, and 
electroluminescent devices. Despite the great potential use of PANI its processing 
has remained a big problem due to its insolubility in common organic solvents. 
About 1% of the solubility is observed in N-methyl-2-pyrrolidone (NMP), which also 
acts as a plasticizer. Incorporation of alkyl substituents increases solubility. 
In this study, 2-anilino ethanol was polymerized and was studied its chemical and 
physical properties. 
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2. THEORITICAL PART 
2.1 Conducting and Semiconducting Polymers 
Conducting and semiconducting polymers have emerged as efficient materials for 
electronic applications and have helped to open up the era of plastic electronics. This 
was recognized in 2000, twenty years after their discovery, by the award of the 
Nobel Prize for Chemistry to their inventors, Heeger, McDiarmid, and Shirakawa. In 
contrast to saturated polymers, conducting polymers and their electrical and optical 
activity in the conjugation of π-electrons along the polymeric carbon backbone. 
''Metallic'' conducting polymers can be used, for example, as protective coatings 
against metal corrosion or as electromagnetic interference shieldings: 
semiconducting polymers and applications in light-emitting diodes, field-effect 
transistors, and photovoltaic solar cells. 
2.1.1 Electrically Conducting Polymers 
 
 
Figure 2.1: Comparative electrical conductivities of conjugated polymers and other 
materials. 
The electrical properties of materials are determined by their electronic structure. 
The comparative conductivities of conjugated polymers and various other materials 
are shown in Figure 2.1. Note that the conductivity of polymers (including molecular 
''conductors'') spans the metallic and semiconducting ranges. The metallic 
conductivity of conjugated polymers is due to the delocalization of π-electrons along 
the carbon backbone. The molecular structures of some important conducting 
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polymers are shown in Figure 2.2. These linear and planar polymers are constituted 
by a number of sp
2
 carbon atoms covalently linked to each other by alternating single 
and double bonds; the classic example being PA (Polyacetylene), i.e., (CH)n. Three 
electrons on each carbon atom are in σ-bonding orbitals, while the fourth one resides 
in a delocalized pz-orbital. The pz-orbitals of neighboring carbons overlap to form π-
bands extending all along the linear polymer chains thus providing a one-
dimensional delocalized system. The highest occupied molecular orbitals (HOMO) 
constitute the (called) π-bands, while the lowest unoccupied molecular orbitals 
(LUMO) constitute the (empty) π*-bands.The energy difference between the π and 
π*-bands is called the band gap energy, Eg. 
2.1.2 Doping 
However, in their neutral form, conjugated polymers are semiconducting. The cis 
conformation of neutral PA is a copper-colored flexible film with a conductivity of 
1.7 x 10
-7
 Sm
-1
. This turns to a silvery trans form with a conductivity of 4.4 x 10
-3
 
Sm
-1
 upon heating above 150°C. To confer metallic conduction, it is necessary to 
oxidize or reduce them; a chemical process called ''doping'' by analogy with 
inorganic semiconductors. At low doping levels, partial band filling induces 
conductivity, while sufficiently high doping levels lead to a transition from insulator 
to metal. However, although chemical doping is an efficient and straightforward 
charge transfer process, it is difficult to control and inhomogeneous doping often 
results. 
Doping, i.e., introduction of a certain amount of positive or negative charge on the 
polymer chains, results in a profound modification of their electronic structure. 
Besides the changes in electrical conductivity, the optical absorption spectrum is 
spectacularly modified upon doping.  
As can be seen in Fig. 2.3, doping of trans-PA induces the emergence of a new band 
at low energy (0.7eV) and an intensity decrease of the π - π * band at 1.7eV. This can 
be explained by the formation of localized states within the band gap due to the 
addition to or removal of electrons from the polymer by the dopant. If, for example, 
an electron is removed from the valence band of PA on oxidative doping by iodine, 
the resulting ''hole'' can be compared to a radicalcation associated with alocal 
deformation of the neutral chain's geometry. This so-called ''polaron'' can then 
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migrate along the chain with a high mobility, which is reduced by Coulomb 
interactions with the counterion. 
 
Figure 2.2: Chemical structures of some important conducting polymers. 
Doping of conjugated polymers can create a variety of charged or neutral defects 
responsible for conductivity and other modifications (polarons, bipolarons, solitons). 
All these observations about doping show that the description of conjugated 
polymers in simple terms of energy bands is incomplete. They imply that the 
electron-lattice and electron-electron interactions must be included for an accurate 
treatment of the electronic structure of these macromolecular systems. Disorder in 
particular is responsible for localization of electronic states and broadening of the 
optical transitions. On the other hand, conjugated polymers are characterized by a 
strong coupling between electronic and chemical structures, leading to lattice 
relaxation around electrons and holes.  
Coulomb attraction between electrons and holes in the π and π *-bands causes the 
formation of ''excitons,'' which are neutral bound electron-hole pairs. The nature and 
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fate of these excitons are of primary importance in understanding the fundamental 
physics of conjugated polymers. 
 
Figure 2.3: Absorption spectra of neutral and lightly doped transpolyacetylene 
(CH)n showing the emergence of the soliton band at 0.7eV and the 
concomitant decrease of the fundamental absorption in the visible 
absorption. 
2.1.3 Processability and Applications 
Conducting polymers show a remarkably wide range of electronic phenomena and 
can consequently be used in a large number of specific applications. For most of 
these applications, the key property is processability. Early conducting polymers 
were intractable 
(insoluble and infusible), but also chemically unstable in open air conditions 
(dedoping, decomposition), rendering them inappropriate for applications. Various 
routes have been tested to induce solubility in common organic solvents and water. 
One of the most successful approaches consists of grafting long and flexible aliphatic 
chains onto the conjugated polymer backbone. Two examples based on poly(3-
hexylthiophene) and poly(2,5-alkoxy)-p-phenylenevinylene (MEH-PPV) are shown 
in Fig. 2.4. Introduction of bulky substituents may, nevertheless, be detrimental to 
conductivity due to the loss of planarity and subsequent decrease of π-conjugation.  
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Figure 2.4 : Two well-known molecular organic semiconductors. 
The main interest in using solution-processible conducting polymers is in low-cost 
manufacturing. Thin-film coatings can easily and rapidly be prepared by casting 
from solution or electrochemically. Applications can then be found in large-area 
coatings and also in microelectronics, where integrated circuits or display devices 
can be manufactured using simple inkjet printing techniques.  
For example, acid-doped poly(3,4-ethylenedioxythiophene- 2,5-diyl) (PEDOT) has 
been used to produce transparent, abrasion-resistant and noncorrosive antistatic 
coatings for photographic films. Conducting PEDOT is now used commercially and 
also serves as a hole-injecting material in polymer-basedlight-emitting diodes. 
PEDOT can also be used to fabricate (multicolor) electrochromic devices (''smart 
windows'' absorbing sunlight and turning transparent in cloudy weather), where the 
polymer switches between two forms that have different colors. Doped polyaniline is 
used for electromagnetic shielding of electronic circuits and as a corrosion inhibitor. 
Polypyrrole (PPy) is considered suitable as a microwave-absorbing material for 
''stealth'' screen coatings. A number of conducting polymers - mainly PT and PPy 
derivatives - are used in various chemical and biological sensors. Other potential 
applications include resists, recording materials, fabrication of patterns, and materials 
for rechargeable batteries, supercapacitors (essentially as power storage devices), and 
electrolytic capacitors. Generally, the combination of electrical conductivity and 
mechanical flexibility with low-cost manufacturing should, in a near future, lead to 
conjugated polymers invading our daily life. Antistatic textiles and paintings, smart 
windows, large electrostatic loudspeakers, antennas for satellites reception and 
domestic sensors are just a few examples of what conducting polymers could do in 
our homes. 
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2.1.4 Organic and Inorganic Semiconductors 
Organic conductors and semiconductors have emerged as new materials for 
information technology. Chemistry and solid state physics combine elegantly to 
provide the basis for fundamental science as well as device applications. Molecules 
and polymers can be tailored ''on demand'' by means of chemistry to afford complex 
systems capable of performing various optoelectronic functions. Today's 
microelectronics is based on silicon, a material composed of a large number of atoms 
ordered over long distances of at least several nanometers. In sharp contrast to 
silicon, organic conductors and semiconductors are built with a limited number of 
atoms (mainly C, O, N, and H) according to a precise three-dimensional architecture 
with dimensions of only a few angströms. Each molecule can then behave as an 
individual device that can in turn be connected by conducting polymer wires to form 
molecular arrays. The possibility of fabricating electronic circuits with dimensions of 
a few angströms (instead of less than 1µm) could significantly increase the size and 
performances of computers, thus realizing the dream of '' molecular electronics.'' [1] 
2.1.5 Advantages and disadvantages of organic semiconductors 
One of the main reasons for developing organic semiconductors instead of inorganic 
is their potential for lower costs than silicon devices. Also their mechanical 
properties (less weight, more flexible and elastic, easier to produce in form of thin 
layers by special printing techniques) are some advantages over their inorganic 
counterparts. They are also biodegrable (being made from carbon). This opens the 
door to many exciting and advanced new applications that would be impossible using 
copper or silicon. Disadvantages are their higher chemically activity, which means, 
that they need more protection by encapsulation. Because of lower melting point they 
are more temperature sensitive in comparison to inorganic semiconductors and 
finally are the process of the charger transfer mechanisms not understood for 100 %. 
Conductive polymers have high resistance and therefore are not good conductors of 
electricity. Because of poor electronic behavior (lower mobility), they have much 
smaller band widths. Shorter lifetimes and are much more dependent on stable 
environment conditions than inorganic electronics would be. Polymer based organic 
material has van der walls bonded crystal structure (Fig 2.5) and silicon based 
inorganic material has covalently bonded crystals structure (Fig 2.6). [2,3] 
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Figure 2.5: Polymer based organic material 
 
 
Figure 2.6: Silicon based inorganic material 
 
2.2 Electical Properties of Semiconductors 
2.2.1 Conduction Mechanism 
The electronic properties of any material are determined by its electronic structure. 
The theory that most reasonably explains electronic structure of materials is band 
theory. Quantum mechanics stipulates that the electrons of an atom can only have 
specific or quantized energy levels. However, in the lattice of a crystal, the electronic 
energy of individual atoms is altered. When the atoms are closely spaced, the energy 
levels are form bands. The highest occupied electronic levels constitute the valence 
band and the lowest unoccupied levels, the conduction band (Figure 2.7). The 
electrical properties of conventional materials depend on how the bands are filled. 
When bands are completely filled or empty no conduction is observed. If the band 
gap is narrow, at room temperature, thermal excitation of electrons from the valence 
band to the conduction band gives rise to conductivity. This is what happens in the 
case of classical semiconductors. When the band gap is wide, thermal energy at room 
temperature is insufficient to excite electrons across the gap and the solid is an 
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insulator. In conductors, there is no band gap since the valence band overlaps the 
conduction band and hence their high conductivity. 
Conducting polymers are unusual in that they do not conduct electrons via the same 
mechanisms used to describe classical semiconductors and hence their electronic 
properties cannot be explained well by Standard band theory. The electronic 
conductivity of conducting polymers results from mobile charge carriers introduced 
into the conjugated π-system through doping. 
 
Figure 2.7: Energy band in solid 
 
 
Figure 2.8: Energetically equivalent forms of degenerate polyacetylene.  
 
To explain the electronic phenomena in these organic conducting polymers, new 
concepts including solitons, polarons and bipolarons [5–9] have been proposed by 
solid-state physicists. The electronic structures of π-conjugated polymers with 
degenerate and nondegenerate ground states are different. In π-conjugated polymers 
with degenerate ground states, solitons are the important and dominant charge 
storage species. Polyacetylene, (CH)x, is the only known polymer with a degenerate 
ground state due to its access to two possible configurations as shown in Figure 2.8. 
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The two structures differ from each other by the exchange of the carbon–carbon 
single and double bonds. While polyacetylene can exist in two isomeric forms: cis 
and trans-polyacetylene, the trans-acetylene form is thermodynamically more stable 
and the cis–trans isomerization is irreversible [4]. 
Oxidative (p-type) doping of polyacetylene involves the chemical or anodic 
oxidation of the polymer to produce carbonium cations and radicals with 
simultaneous insertion of an appropriate number of anions between the polymer 
chains that neutralize the charge as shown in Figure 2.9 [10]. Two radicals can then 
recombine to give a spinless dication referred to as a positive soliton, which can act 
as the charge carrier [5]. Each soliton constitutes a boundary which separates 
domains that differ in the phase of their π-bonds. The ground state structure of 
polyacetylene is twofold degenerate and, therefore, the charged cations are not bound 
to each other by a higher energy bonding configuration and can freely separate along 
the chain. The effect of this is that the charged defects are independent of one 
another and can form domain walls that separate two phases of opposite orientation 
and identical energy. 
 
 
Figure 2.9: p-Type doping in polyacetylene. 
 
In solid-state physics a charge associated with a boundary or domain wall is called a 
soliton, because it has the properties of a solitary wave that can move without 
deformation and dissipation [11]. A soliton can also be viewed as an excitation of the 
system that leads from one potential well to another well of the same energy (see 
Figure 2.8 degenerate polyacetylene). 
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A neutral soliton occurs in pristine trans-polyacetylene when a chain contains an odd 
number of conjugated carbons, in which case there remains an unpaired π-electron, a 
radical, which corresponds to a soliton (Figure 2.10). In a long chain, the spin density 
in a neutral soliton (or charge density in a charged soliton) is not localized on one 
carbon but spread over several carbons [5, 12, 13], which gives the soliton a width. 
Starting from one side of the soliton, the double bonds become gradually longer and 
the single bonds shorter, so that arriving at the other side, the alternation has 
completely reversed. This implies that the bond lengths do equalize in the middle of 
a soliton. The presence of a soliton leads to the appearance of a localized electronic 
level at mid-gap, which is half occupied in the case of a neutral soliton and empty 
(doubly occupied) in the case of a positively (negatively) charged soliton (Figure 
2.10). Similarly, in n-type doping, neutral chains are either chemically or 
electrochemically reduced to polycarbonium anions and simultaneously charge-
compensating cations are inserted into the polymer matrix. In this case, negatively 
charged, spinless solitons are charge carriers. 
 
 
Figure 2.10: Top: schematic illustration of the geometric structure of a neutral 
soliton on a trans-polyacetylene chain. Bottom: band structure for a 
trans-polyacetylene chain containing (a) a neutral soliton, (b) a 
positively charged soliton and (c) a negatively charged soliton. 
The π-conjugated systems based on aromatic rings, such as polythiophene, 
polypyrrole, polyaniline, polyparaphenylene and their derivatives have 
nondegenerate ground states. In these polymers, the ground-state degeneracy is 
weakly lifted (Figure 2.11) so that polarons and bipolarons (confined soliton pairs) 
are the important and dominant charge storage configurations. For example, the 
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oxidative doping of polypyrrole is shown in Figure 2.12. The removal of one electron 
from the π-conjugated system of polypyrrole results in the formation of a radical 
cation. In solid-state physics, a radical cation that is partially delocalized over a 
segment of the polymer is called a polaron. It is stabilized through the polarization of 
the surrounding medium, hence the name. Since it is really a radical cation, a polaron 
has spin 1/2. The radical and cation are coupled to each other via local resonance of 
the charge and the radical. The presence of a polaron induces the creation of a 
domain of quinone-type bond sequence within the polypyrrole chain exhibiting an 
aromatic bond sequence. The lattice distortion produced by this is of higher energy 
than the remaining portion of the chain. The creation and separation of these defects 
cost energy, which limits the number of quinoid-like rings that can link these two 
species, i.e., radical and cation, together. In the case of polypyrrole it is believed that 
the distortion extends over four pyrrole rings. 
 
Figure 2.11: Non-degenerate ground state polyparaphenylene. 
 
 
Figure 2.12: Polaron and bipolaron formation on π-conjugated backbone of 
polypyrrole 
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Upon further oxidation, the subsequent loss of another electron can result in two 
possibilities: the electron can come from either a different segment of the polymer 
chain thus creating another independent polaron, or from a polaron level (removal of 
an unpaired electron) to create a dication separating the domain of quinone bonds 
from the sequence of aromatic-type bonds in the polymer chain, referred to as a 
bipolaron. This is of lower energy than the creation of two distinct polarons; 
therefore, at higher doping levels it becomes possible for two polarons to combine to 
form a bipolaron, thereby replacing polarons with bipolarons [4, 14]. Bipolarons also 
extend over four pyrrole rings. 
Experimental and theoretical investigations of the evolution of the electronic and 
transport properties as a function of doping level have been conducted on 
polyacetylene [15–18], polypyrrole [19–22], polythiophene [22, 23] and 
polyparaphenylene [9, 22, 24]. Theoretical 
studies of the evolution of the polypyrrole electronic band structure as a function of 
doping level have been performed using methods ranging from highly sophisticated 
ab initio techniques to simple Huckel theory with σ compressibility. They all 
converge on the same picture [73, 74]. 
The polypyrrole band structure upon doping is shown in Figure 2.7 [4]. In the 
nondoped state, the band gap of polypyrrole is 3.2 eV. The presence of a polaron 
creates a new localized electronic state in the gap, with the lower energy states being 
occupied by a single unpaired electron. The polaron levels are approximately 0.5 eV 
away from the band edges. The polaron binding energy is 0.12 eV, constituting the 
difference between the 0.49 eV decrease in ionization energy and the 0.37 eV π + σ 
energy needed for the change in geometry. The geometry relaxation in the bipolaron 
is stronger than in the polaron case (i.e.the geometry within the bipolaron is more 
quinoid-like than within the polaron), so that the empty bipolaron electronic levels in 
the gap are ~0.75 eV away from the band edges. The bipolaron binding energy is 
0.69 eV, meaning that a bipolaron is favoured over two polarons by 0.45 (0.69 − 2 × 
0.12) eV. This evolution is supported by electron spin resonance measurements on 
oxygen-doped polypyrrole [25]. At low doping, the electron spin resonance signal 
grows, in accordance with the fact that polarons with spin 1/2 are formed. At 
intermediate doping, the electron spin resonance signal saturates and then decreases, 
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consistent with polarons recombining to form spinless bipolarons. At high doping, in 
electrochemically cycled samples, no electron spin resonance signal is observed 
although the system is highly conducting, indicating that the charge carriers in that 
regime are spinless. Analysis of the Pauli contribution to the susceptibility indicates 
that the density of states at the Fermi level is extremely small, <0.03 states eV
−1
 per 
monomer. 
The band structure for a doping level of 33 mol% (based on polymer repeat unit), 
which is usually achieved in the electrochemically grown polypyrrole films is shown 
in Figure 2.13. With continued doping, the overlap between the bipolaron states 
forms two ~0.4 eV continuous bipolaron bands in the gap. The band gap increases 
from 3.2 eV in the neutral state to 3.6 eV in the highly doped state. This is due to the 
fact that the bipolaron states forming in the gap are at the expense of states in the 
valence and conduction band edges. For a very heavily doped polymer, it is 
conceivable that the upper and the lower bipolaron bands will merge with the 
conduction and valence bands respectively to produce partially filled bands and 
metal-like conductivity. 
 
Figure 2.13: Evolution of the polypyrrole band structure upon doping: (a) low 
doping level, polaron formation; (b) moderate doping level, bipolaron 
formation; (c) high doping level (33 mol%), formation of bipolaron 
bands. 
2.3 Optical Properties of Semiconductors 
2.3.1 Interband Absorption 
The absorption edge is caused by onset of optical transition across the fundamental 
band gap of the material. This naturally leads to investigate the physical processes 
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that occur when electrons are excited between the bands of a solid by making optical 
transitions. This process is called interband absorption.  
The understanding of interband absorption is based on applying the quantum 
mechanical treatment of the light-matter interaction to the band states of solids. This 
presupposes a working knowledge of both quantum mechanics and band theory. 
2.3.2 Interband transitions  
Interband transitions are observed in all solids. The energy level diagram of isolated 
atom consists of a series of states with discrete energies. Optical transition between 
these levels gives rise to sharp lines in the absorption and emission spectra. It has to 
be used quantum mechanics to calculate the transition energies and the oscillator 
strengths. Once it has been done this, it can be obtained a good understanding of the 
frequency dependence of the refractive index and absorption coefficient by applying 
the classical oscillator model. 
The optical transitions of solids are more complicated to deal with. Some of the 
properties that apply to the individual atoms carry over, but new physics arises as a 
result of the formation of bands with their delocalized states. The classical model has 
difficulty dealing with continuous absorption bands rather than discrete, and it must 
be developed new techniques to describe the frequency dependence of the optical 
properties. It can be only expect  the classical  oscillator model to work with any 
accuracy when the frequency is far away from the absorption transitions between the 
bands. 
 
Figure 2.14: Interband optical absorption between an initial state of energy Ei in an 
occupied lower band and a final state at energy Ef in an empty upper 
band. The energy difference between the bands is Eg. 
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Figure 2.14 shows a highly simplified energy diagram of two separated bands in a 
solid. The gap in energy between the bands is called the band gap Eg. Interband 
optical transitions will be possible between these bands if the selection rules allow 
them. During the transition an electron jumps from the band at lower energy to the 
above it by absorbing a photon. This can only happen if there is an electron in the 
initial state in the lower band. Furthermore, the Pauli exclusion principle demands 
that the final state in the upper band must be empty. A typical example of a situation 
where this applies is the transitions across the fundamental band gap of 
semiconductor or insulator. In this case, a photon excites an electron from the filled 
valance band to the empty conduction band. 
By applying the law of conservation of energy to the interband transition shown in 
Fig 2.14 it can be seen that: 
Ef = Ei + ћω        (2.1) 
Where Ei is the energy of the electron in the lower band, Ef is the energy of the final 
state in the upper band, and ћω is the photon energy. Since there is a continuous 
range of energy states within the upper and lower bands, the interband transitions 
will be possible over a continuous range of frequencies. The range of frequencies is 
determined by the upper and lower energy limits of the bands. 
It is apparent from Fig. 2.14 that minimum value of (Ef – Ei) is Eg. This implies that 
the absorption shows a threshold behavior: interband transitions will not be possible 
unless ћω > Eg. Interband transitions therefore give rise to a continuous absorption 
spectrum from the low energy threshold at Eg to an upper value set by the extreme 
limits of the participating bands. This contrasts with the absorption spectrum of 
isolated atoms which consists of discrete lines. 
The excitation of the electron leaves the initial state at energy Ei in the lower band 
unoccupied. This is equivalent to the creation of a hole in the initial state and an 
electron in the final state and may be considered as the creation of an electron-hole 
pair. 
 
18 
 
Figure 2.15: (a) It shows that the E-k diagram of a solid with a direct band gap, 
while Fig 2.15(b) shows the equilavent diagram for conduction band 
minimum and the valance and maximum in the Brillouin indirect gap 
material, both occur at the zone centre where k = 0. In an indirect gap 
material, however, the conduction band minimum does not occur at k = 
0, but rather at some other value of k which is usually at the zone edge 
or close to it. 
The distinction between the nature of the band gap has very important consequences 
for the optical properties. The electron wave vector does not change significantly 
during a photon absorption process. It is immediately apparent from Fig. 2.15(b) that 
the electron wave vector must change significantly in jumping from the valance band 
to the bottom of the conduction band if the band gap is indirect. It is not possible to 
make this jump by absorption of a photon alone: the transition must involve a 
phonon to conserve momentum. This contrasts with a direct gap material in which 
the process may take place without any phonons being involved. 
Indirect absorption plays a very significant role in technologically important 
materials such as silicon. The treatment of indirect absorption is more complicated 
than direct absorption because of the role of the phonons. 
2.3.3 The Transition rate for direct absorption 
The optical absorption coefficient α is determined by the quantum mechanical 
transition rate Wi→f for exciting an electron in an initial quantum state ψf by 
absorption of a photon of angular frequency ω. It must be calculated Wi→f, and 
hence to derive the frequency dependence of α. The transition rate is given by 
Fermi‟s rule 
      
          (2.2) 
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The transition rate thus depends on two factors: 
 The matrix element M, 
 The density of states g(ћω) 
In the discussion below, we consider the matrix element first, and then consider 
g(ћω) afterwards. 
The matrix element describes the effect of the effect of the external perturbation 
caused by the light wave on the electrons. It is given by: 
 
          (2.3) 
where H ́  is the perturbation associated with the light wave , and r is the position 
vector of the electron. It is adopted here the semiclassical approach in which it is 
treated the electrons quantum mechanically, but the photons are described by 
electromagnetic waves. 
In classical electromagnetism, the presence of perturbing electric field ε causes a 
shift in the energy of a charged particle equal to –p . ε, where  is the dipole moment 
of the particle. The appropriate quantum perturbation to describe the electric dipole 
interaction between the light and the electron is therefore: 
        (2.4) 
where pe is the electron dipole moment and is equal to –er. 
The light wave is described by plane waves of the form 
        (2.5) 
where the sign in the phase depends on the direction of propagation of the wave. The 
perturbation is thus: 
        (2.6) 
The electron states in a crystalline solid are described by Bloch function. This allows 
to write the wave functions as a product of a plane wave and an envelope function 
that has the periodicity of the crystal lattice. 
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          (2.7) 
 
          (2.8) 
where ui and uf are the appropriate envelope functions for the initial and final bands 
respectively, and V is the normalization volume ki and kf are the wave vectors of the 
initial and final electron states. 
On substituting the perturbation of eqn 3.6 and the wave functions of equations 2.7 
and 2.3 into eguation 2.3, it is obtained: 
 
    (2.9) 
where the limits of the integration are over the whole crystal. This integral can be 
simplified by invoking conservation of momentum and Bloch‟s theorem. 
Conservation of momentum demands that the change in crystal momentum of the 
electron must equal the momentum of the photon, that is: 
        (2.10) 
 This is equivalent to requiring that the phase factor in eqn 2.9 must be zero. If the 
phase factor is not zero, the different unit cells within the crystal will be out of phase 
with each other and the integral will sum to zero. Blonch‟s theorem requires that ui 
and uf are periodic functions with the same periodicity as the lattice. 
These two considerations simply that we can separate the integral over the whole 
crystal into a sum over identical unit cells, because the unit cells are equivalent and 
phase. We thus obtain: 
      (2.11) 
where it has been defined our axes in such a way that the light is polarized along the 
x axis. This matrix element represents the electric dipole moment of the transition. Its 
evaluation requires knowledge of the envelope functions ui and uf. These functions 
are derived from the atomic orbitals of the constituent atoms, and so each material 
has to be considered separately. 
 
21 
The conservation of momentum condition embodied in eqn 2.10 can be simplified 
further by considering the magnitude of the photon is 2π / λ, where λ is the 
wavelength of the light. Optical frequency photons therefore have k values of about 
10
7 
m
-1
. The wave vectors of the electrons, however, are much larger. This is because 
the electron wave vector is related to the size of the Brillouin zone, which is equal to 
π / a, where a is the unit cell dimension. Since a ̴ 10-10 m, the photon wave vector is 
much smaller than the size of a Brillouin zone. Therefore we may neglect the photon 
momentum is eqn 2.10 in comparison to the electron momentum and write: 
          (2.12) 
Adirect optical transition therefore leads to a negligible change in the wave vector of 
the electron. This is why it is represented the absorption processes by vertical arrows 
in the electron E-k diagrams such as the ones in Figure 2.15. 
The g( ћω ) factor that appears in eqn 2.2 is the joint density of states evaluated at the 
photon energy. The density of states function describes the distribution of the states 
within the bands. The joint density of states accounts for the fact that both the initial 
and final electron states lie within continuous bands. For electrons within a band, the 
density of states per unit energy range g( E ) is obtained from: 
        (2.13) 
Where g( k ) is the density of states in momentum space. The extra factor of 2 here 
compared to 
 
allows for the fact that there are two electron spin states for each allowed k-state. 
This gives: 
 
         (2.14) 
where dE/dk is the gradient of the E-k dispersion curve in the band diagram. g(k) 
itself is worked out by calculating the number of k-states in the incremental volume 
between shells in k-space of radius k and k+dk. This is equal to the number of states 
per unit volume of k-space, namely 1/(2π)3, multiplied by the increment volume 
4πk2dk. Hence g(k) is given by the standard formula: 
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      (2.15) 
      
It can be then worked out g( E ) by using eqn 3.14 if it is known the relationship 
between E and k from the band structure of the material. For electrons in a parabolic 
band with effective mass m
*
.  g( E ) is given by 
      (2.16) 
This is just the standard formula for free electrons but with the free electron mass m0 
replaced m
*
. 
The joint density of states factor is finally obtained by evaluating g (E) at Ei and Ef 
when they are related to ћω through the details of the band structure. The density of 
atoms in a solid is very large, and so the density of states factor will be high and the 
transition rate correspondingly large. It is common to find values of α in the range 
10
6
- 10
8
 m
-1
 for the direct absorption coefficient in a solid. 
2.3.4 Band edge absorption in direct gap semiconductors 
The basic process for an optical transition across the fundamental band gap of a 
direct gap semiconductor is shown in Fig. 2.15(a). An electron is excited from the 
valence band to the conduction band by absorption of a photon. The transition rate is 
evaluated by working out the matrix element and the density of states. 
2.3.4.1 The atomic physics of the interband transitions 
It is calculated the probability for electric dipole transitions, if it is known the atomic 
character of the envelope wave functions ui ( r ) and uf ( r ). The full treatment of this 
problem employs group theory to determine the character of the bands involved. 
In the case of the elemental semiconductors such as silicon and germanium, which 
come from group IV of the periodic table. It is also true, however, for the binary 
compounds made from elements symmetrically displaced from group IV of the 
periodic table. The covalent bond in these compounds is made by sharing the 
electrons in such a way that each atom ends up with for four electrons. 
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Figure 2.16:  Schematic diagram of the electron levels in a covalent crystal made 
from four-valent atoms such as germanium or binary compounds such 
as gallium arsenide. The s and p states of the atoms hybridize to form 
bonding and antibonding molecular orbitals, which then evolve into 
the conduction and valence bands of the semiconductor 
For example, the bond in the III-V compounds is formed by sharing the five valance 
electrons form the group V element with the three from the group element III 
element, giving a total of eight electrons for every two atoms. It is energetically 
favorable to do this because it is then possible to form very stable covalent crystals 
with a structure similar to diamond. Similar arguments apply to the II-IV 
semiconductor compounds. 
The valance electrons of a four-valent atom are derived from the s and p orbitals. For 
example, the electronic configuration of germanium is 4s
2
4p
2
. In the crystalline 
phase the adjacent atoms share the valence electrons with each other in a covalent 
bond. Figure 2.16 shows schematically the evolution of the s and p-like atomic 
states, through the s and p bonding and antibonding orbitals of the molecule, to the 
valance and conduction bands of the crystalline solids. The level ordering shown is 
appropriate for must III-V and II-VI semiconductors, as well as germanium. 
The evolution of the levels shown in Fig. 2.16 makes it apparent that the top of 
valance band has a p-like atomic character, while the bottom of the conduction band 
is s-like states. Hence it is concluded that the transitions between the valance band 
and the conduction band of a semiconductor with a level ordering such as the one 
shown in Fig 2.16 are electric-dipole allowed. 
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The conclusion of this discussion is that the probability for interband transitions 
across the band gap in materials like germanium or the III-V compounds is high. The 
discussion of germanium is complicated because it has an indirect band gap. 
2.3.4.2 The band structure of a direct gap III-V semiconductor 
The band gap structure of GaAs in the energy range near the fundamental band gap is 
shown in Fig.2.17. The energy E of the different bands is plotted against the electron 
wave vector k. GaAs has the zinc-blende structure, which is based on the face-centre 
cubic lattice. The band dispersion is shown for increasing k along two different 
directions of the Brillouin zone. The right hand side of the figure corresponds to 
moving from the zone centre where k = (0,0,0) along the (100) direction to the zone 
edge at k = 2π/a (1,0,0), a being the length of the cube edge in the f.c.c lattice. The 
left hand side corresponds to moving from k = 0 along the body diagonal direction 
until reaching the zone edge at k = π/a (1,1,1). 
 
 
Figure 2.17: Band structure of GaAs. The dispersion of the bands is shown for two 
directions of the Brillouin zone: Γ→Χ and Γ→L. The Γ point 
corresponds to the zone centre with a wave vector of (0,0,0), while the 
Χ and L points correspond respectively to the zone edges along the 
(100) and (111) directions. The valence bands are below the Fermi level 
and are full of electrons. This is indicated by shading in the figure.[26] 
The figure is divided into a shaded region and an unshaded region. The shading 
represents the occupancy of the levels in the bands: bands that fall in shaded region 
are below the Fermi level and are full of electrons. The three bands in the shaded 
region therefore correspond to valence band states. The single band above the shaded 
region is empty of electrons and is therefore the conduction band. The three bands in 
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the valence band correspond to the three p bonding orbitals shown in Figure 2.17, 
while the single conduction band corresponds to the s antibonding state. This 
correspondence between the bands and the molecular orbitals is strictly valid only at 
the Γ point at the Brillouin zone centre. The atomic character (or more accurately, the 
symmetry) of the bands actually changes as k increases, and is only well defined at 
high symmetry points in the Brillouin zone such as Γ, Χ, L. 
It can be assumed that the transitions are dipole-allowed, and concentrate on working 
out the density of states for the transition. To do this, its helpful to make use of the 
simplified four-band model shown in Figure 2.18. This model band diagram is 
typical of direct gap III-V semiconductors near k = 0. There is a single s-like 
conduction band and three p-like valence bands. All four bands have parabolic 
dispersions. The positive curvature of the conduction band on the E-k diagram 
indicates that it corresponds to an electron (e) band, while the negative curvature of 
the valance bands corresponds to hole states. Two of the hole bands are degenerate at 
k = 0. These are known as the heavy (hh) and light hole (lh) bands, the heavy hole 
band being the one with the smaller curvature.  
 
Figure 2.18: Band structure of direct gap III-V semiconductor such as GaAs near     
k = 0. E = 0 corresponds to the top of the valance band while E = Eg 
corresponds to the bottom of the conduction band. Four bands are 
shown: the heavy hole (hh) band, the light hole (lh) band, the split-off 
hole (so) band, and electron (e) band. Two optical transition are 
indicated. Transition 1 is a heavy hole transition, while transition 2 is a 
light hole transition. Transitions can also take place between the split-
off hole band and the conduction band, but these are not shown for the 
sake of clarity. This four-band model was originally developed for InSb 
in reference [27] 
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The third band is split-off to lower energy by the spin-orbit coupling, and is known 
as the split-off (so) hole band. The energy difference between the maximum of the 
valence band and the minimum of the conduction band is the band gap Eg , while the 
spin-orbit splitting between the hole bands at k = 0 is usually given the symbol Δ. 
The schematic diagram of Figure 2.18 should be compared with the detailed band 
structure of GaAs shown previously in Figure 2.17. The maxima of the valence band 
occur at the Γ-point of the Brillouin zone, while the conduction band has a „camel 
back‟ structure, with minima at the Γ-point, the L-point and near Χ-point. It can be 
neglected the subsidiary minima at the L-point and near Χ-point here because 
momentum conservation does not allow direct transitions to these states from the top 
of the valence band. The bands near the zone centre are all approximately parabolic, 
and so the simplified picture in Figure 2.18 is valid near k = 0. 
The three valence band states all have p-like atomic character, and so it is possible to 
have electric dipole transitions from each of the bands to the earlier, these absorption 
processes are represented by vertical arrows on the E-k diagram. This means that the 
k vector of the electron and hole created by the transition are the same. The transition 
labeled 1 involves the excitation of an electron from the heavy hole band to the 
electron band. Transition 2 is the orresponding process originating in the light hole 
band. Direct transitions are also possible from the split-off band to the conduction 
band, but these are not shown in the figure for clarity.   
2.3.4.3 The joint density of states 
The frequency dependence of the absorption coefficient can now be calculated if it is 
known the joint density of states factor given in eqn 2.14. This can be calculated 
analytically for the simplified band structure shown in Fig. 2.18. 
The dispersion of the bands is determined by their respective effective masses, 
namely me
*
 for the electrons, mhh
*
 for the heavy holes, mlh
* 
for the light holes, and m
*
 
so for the split-off holes. This allows to write the following E-k relationships for the 
conduction, heavy hole, light hole, and split-off hole bands respectively: 
  
          (2.17) 
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(2.18) 
 
(2.19) 
It is evident from Fig. 2.18, that conservation of energy during a heavy hole or light 
hole transition requires that: 
 
          (2.20) 
 
where mh
*
 = mhh
*
 or mlh
* 
for the heavy or light hole transition respectively. It is 
defined the reduced electron-hole mass μ according to: 
         (2.21) 
This allows to rewrite eqn 3.21 in the simpler form: 
          (2.22) 
 
The joint electron-hole density of states can be worked out by substituting eqn 3.23 
into eqns 3.14 and 3.15. This gives: 
 
          (2.23) 
 
It is seen that the density of states factor rises as (ћω - Eg)
1/2 
for photon energies 
greater than the band gap. 
2.3.4.4 The frequency dependence of the band edge absorption 
Now that it has been discussed the matrix element and the density of states, it can be 
put it all together and deduce the frequency dependence of the absorption coefficient 
α. Fermi‟s rule given in eqn 2.2 tells us that the absorption rate for a dipole-allowed 
interband transition is proportional to the joint density of states given by eqn 2.23. It 
is expected the following behavior for α (ћω): 
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         (2.24) 
 
 
Figure 2.19: Square of the optical absorption coefficient absorption coefficient α 
versus photon energy for the direct gap III-V semiconductor InAs at 
room temperature. The band gap can be deduced to be 0.35 eV by 
extrapolating the absorption to zero after [28]  
There is no absorption if ћω < Eg, and the absorption increases as (ћω - Eg)
1/2
 for 
photon energies greater than the band gap. It is also expected that transitions with 
larger reduced masses will give rise to stronger absorption due to the μ3/2 factor in 
eqn 2.23. 
The predictions of eqn 2.24 can be compared to experimental data. Figure 2.19 
shows results for the absorption coefficient of the direct band gap III-V 
semiconductor indium arsenide at room temperature. The graph plots α2 against the 
photon energy in the spectral region close to the band gap. The band gap can be read 
from the data as the point at which the absorption goes to zero. This gives a value of 
0.35 eV, which is in good agreement with values deduced from electrical 
measurements. Note that the values of the absorption coefficient are very large. This 
is a consequence of the very large density of states in the solid phase [29]. 
2.4 Synthesis and Structure of Polyanilines  
Polyanilines (PANIs) have been known for more than a century, since the synthesis 
of the so-called “aniline blacks” that enjoyed an early use as cotton dyes in the 
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1860s. Systematic studies [30, 31] of their properties prior to World War I led to the 
proposal by Green and Woodhead [31] of an aniline octamer structure and the 
existence of several oxidation states. Only sporadic studies of polyanilines were 
undertaken over the following 70 years, until investigations by MacDiarmid et al. in 
the mid 1980s, [32,33] and, in particular, the discovery of electrical conductivity for 
its emeraldine salt form, led to an explosion of interest in this fascinating polymer. 
Polyaniline is now accepted to have the general polymeric structure shown as 1 
below. It differs from most other inherently conducting polymers, such as 
polypyrroles (PPys) and polythiophenes, in that it possesses three readily accessible 
oxidation states. These range from the fully reduced (y = 1) leucoemeraldine state to 
the half oxidized (y = 0.5) emeraldine form to the fully oxidized (y = 0) 
pernigraniline state. Emeraldine is the state with the highest conductivity. There is 
also an over-oxidized form of pernigraniline. 
 
Polyaniline also differs from PPys and polythiophenes in that the N heteroatom 
participates directly in the polymerization process (PANI is a “ladder” polymer that 
polymerizes head-to-tail) and also participates in the conjugation of the conducting 
form of the polymer to a greater extent than the N and S heteroatoms in PPy and 
polythiophene. 
In addition, PANI is unique among inherently conducting polymers in that it can be 
rapidly converted between base and salt forms by treatment with acid or base. These 
reversible redox and pH switching properties, together with the electrical 
conductivity of its emeraldine salt form 2, its ease and cheapness of synthesis, and its 
good environmental stability, have led to its becoming the most extensively studied 
conducting organic polymer over the past decade, and a wide range of potential 
applications are currently being developed. 
Polyanilines are most commonly prepared through the chemical or electrochemical 
oxidative polymerization of the respective aniline monomers in acidic solution. 
However, a range of polymerization techniques have now been developed, including: 
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• Electrochemical polymerization 
• Chemical polymerization 
• Photochemically initiated polymerization 
• Enzyme-catalyzed polymerization 
• Polymerization employing electron acceptors 
2.4.1 Chemical polymerization 
Chemical synthesis has the advantage of being a simple process capable of producing 
bulk quantities of CEPs (Conductive Electroactive Polymers) on a batch basis. To 
date, it has been the major commercial method of producing polyanilines, several 
companies producing bulk powders, dispersions and coated products. For chemical 
polymerization, the oxidizing force is supplied by a chemical oxidant in the solution. 
The most widely employed chemical oxidant has been aqueous ammonium 
persulfate, (NH4)2S2O8, leading to the incorporation of HSO4 
-
/SO4 
2-
 as the dopant 
anions (A
-
) in the PANI.HA product. Acidic conditions (pH<3) are usually required 
to assist the solubilization of the aniline in water and to avoid excessive formation of 
undesired branched products.[34] An (NH4)2S2O8/aniline molar ratio of <1.2 is 
usually employed. Because the S2O8 
2-
 anion is a two-electron oxidizer (acceptor), 
this suggests that a little over two electrons are removed from each aniline monomer 
during polymerization. 
2.4.2 Mechanism of chemical polymerization 
The chemical polymerization of aniline by (NH4)2S2O8 is believed to proceed, in its 
initial stages, by a mechanism similar to that described earlier for electrochemical 
polymerization.[35–37] The first involves formation of the aniline radical cation. In 
the second step, coupling of N- and para-radical cations occurs with subsequent 
rearomatization of the dication of π-aminodiphenylamine (PADPA). It is then 
oxidized to the diradical dication. 
Although “head-to-tail” (i.e., N-para) coupling is predominant, some coupling in the 
ortho-position also occurs, leading to defects in conjugation in the resultant polymer. 
A significant variation from the electropolymerization route occurs in the subsequent 
chain propagation and product formation steps (Figure 2.20). The initial polymer 
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product has been confirmed from spectroscopic studies[38,39] to be the fully 
oxidized pernigraniline salt form of polyaniline, which is not surprising in view of 
the high oxidizing power (1.94 V vs. standard hydrogen electrode (SHE)) of 
ammonium persulfate. When all oxidant is consumed, the remaining aniline in 
solution reduces the pernigraniline to form the final product, the green emeraldine 
salt (step 4). Color changes during the reaction reflect the described steps: during the 
second step the solution is pink due to PADPA; during the third step the solution 
becomes deep blue due to formation of protonated pernigraniline; and, in the final 
step, green emeraldine salt precipitates. 
 
 
Figure 2.20: Chemical polymerization of aniline 
 
The properties of polyanilines, such as electrical conductivity, morphology, 
molecular weight and stereoregularity, are sensitive to the polymerizing conditions 
employed.  
2.4.3 Polymerization temperature 
Chemical polymerizations of aniline with (NH4)2S2O8 were initially performed at 
room temperature. However, later studies showed that the PANI obtained was of 
relatively low molecular weight and contained significant defect sites such as 
undesirable branching due to ortho-coupling.[40,41] Subsequently, the most widely 
employed temperature for chemical polymerization of aniline monomers has been ca. 
1–5°C, as described by MacDiarmid et al.,[42] providing PANI, whose emeraldine 
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base forms have molecular weights (Mw) of 30,000– 60,000 g mol-1. For industrial 
applications, it is desirable to have PANI with high molecular weights (Mw ca. 
100,000) and low polydispersity (PD < 2.0). The use of low temperatures down to –
30 or –40°C (achieved through the addition of salts such as LiCl and CaF2) has led to 
PANI with much higher molecular weights (up to 400,000).[13–46]. It was revealed 
through 
13
C NMR studies of the leucoemeraldine base forms of the PANI products 
(obtained by subsequent reduction) that the most structurally regular PANI were 
obtained at –30°C.[44] 
However, these reactions generally require more than 48 hours to complete and the 
polydispersity is relatively high (PD >2.5). Researchers at DuPont Technologies 
have recently reported that the best results are achieved by polymerization at 0°C in 
the presence of higher concentrations of LiCl or NaCl (5–10 M); under these 
conditions polymerization is complete within 3 hours with a higher yield (80%) and 
superior polydispersity (PD < 2.0).[47] 
2.4.4 Nature of the acid (HA) 
The nature and concentration of the protonic acid (HA) employed in aniline 
polymerization with S2O8 
2-
 have been reported to have a significant effect on the 
physicochemical properties and molecular weights of the PANI.HA emeraldine salt 
products.[34] The polymerization reaction time using HClO4 as the dopant acid was 
also observed to be ca. twice as long as with HCl, HNO3 or H2SO4, which may be 
associated with a more compact morphology for the PAn.HClO4 products.[48] 
2.4.5 Nature of the oxidant 
A wide range of other chemical oxidants has also been successfully employed for the 
polymerization of aniline monomers. Although the standard electrode potential for 
FeCl3 is low (0.77 V) compared with (NH4)2S2O8, it has proven to be a particularly 
useful oxidant, resulting in polyanilines with Mn > 20,000. HCl emeraldine salt 
product is reported [49] to occur without added acid. The optimum reaction 
temperature (35°C) is higher than that found above for (NH4)2S2O8 (≤ 0° C), which 
may arise from the slower electron transfer rate of FeCl3. The polymer product has 
electrochemical properties similar to PANI produced with (NH4)2S2O8. [49] Solid 
state 
13
C NMR studies of the corresponding emeraldine bases (obtained by alkaline 
de-doping) similarly show the FeCl3 and (NH4)2S2O8-derived polymers to be very 
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similar. The use of FeCl3 also enables polymerization to be carried out in polar 
organic solvents such as methanol, rather than water. Other chemical oxidants that 
have been examined include ceric ammonium sulfate,[50] potassium 
dichromate,[50,51] potassium iodate[51] and hydrogen peroxide,[51,52] although it 
is reported that optimal conductivities are obtained when (NH4)2S2O8 is used as 
oxidant.[34] It has been suggested[51] that the polymerization process is less 
dependent on the oxidation potential of the particular oxidant (Table 2.1) than on the 
degradation processes. Hydrogen peroxide oxidation of aniline gives only low 
conversion, but the addition of catalytic amounts of FeCl2 (Fe 
2+
/aniline = 1/500) 
results in good yields of 
PANI. HCl, with a conductivity (7 S cm
-1
) similar to that formed using (NH4)2S2O8 
as oxidant.[52] KIO3 is also reported to be an effective and convenient oxidant for 
the preparation of polyaniline.  
Table 2.1: The oxidation potential of the particular oxidant 
 
 
2.4.6 Nature of the solvent 
Chemical polymerization of aniline and substituted anilines has generally been 
carried out in aqueous solution. Addition of 0.2–0.6 (v/v) acetone, THF or ethanol to 
the reaction mixture was found to slow down the polymerization of aniline by 
(NH4)2S2O8/HCl, with reaction times varying in the order tacetone ~ tTHF > tethanol.[53] 
The yields of emeraldine salt products (ca. 65%) and the electrical conductivities of 
the products (ca. 10 S cm
–1
) were similar in each case to those obtained without 
added organic solvent, but their molecular weights were lower. Similarly, Kuramoto 
et al.[54,55] have polymerized the dodecylbenzenesulfonic acid (DBSA) salt of 
aniline (dissolved in chloroform) with (NH4)2S2O8 (in a small amount of water). A 
homogeneous green/black suspension was obtained from which the PAn. DBSA 
emeraldine salt product could be readily isolated by the addition of excess methanol 
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or acetone was obtained. Polyaniline has also been prepared in acetonitrile and 
chloroform solvents using Fe(ClO4)3 and tetrabutylammonium periodate as the 
oxidant, respectively.[56,57] 
2.5 Properties of Polyanilines   
As with polypyrrole (PPy), the electrical, chemical and mechanical properties of 
polyaniline are inextricably linked. In addition, polyaniline has spectacular optical 
and chromic properties that distinguish it from other conductive electroactive 
polymers (CEPs). 
2.5.1 Electrical Properties 
2.5.1.1 Conductivity 
Polyaniline has an electronic conduction mechanism that seems to be unique among 
conducting polymers, because it is doped by protonation as well as undergoing the p-
type doping described for PPy. This results in the formation of a nitrogen base salt 
rather than the carbonium ion of other p-doped polymers.[58] Many of the unusual 
properties of polyanilines arise because of the A-B nature of the polymer 
configuration, whereas most other conducting polymers are of the A-A type. 
Furthermore, the B component is the basic N heteroatom, which is involved with the 
conjugation in polyaniline (PANI) more than the heteroatoms in PPy and similar 
polymers. Therefore, the conductivity of PANI depends on both the oxidation state 
of the polymer and its degree of protonation. 
Polyaniline can exist in a range of oxidation states. The one that can be doped to the 
highly conducting state is called “emeraldine.” It consists of amine (–NH–) and 
imine (=N–) sites in equal proportions. The imine sites are protonated [59] by acids 
HA to the bipolaron (dication salt) form. However, this undergoes a further 
rearrangement to form the delocalized polaron lattice, which is a polysemiquinone 
radical-cation salt. The structures at each stage of this process are shown in Figure 
2.21. 
Although theoretical calculations have predicted that the bipolaron state is 
energetically more favored than the polaron [59], it is widely agreed that polarons are 
the charge carriers responsible for the high conductivity in polyaniline [60-64]. 
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Figure 2.21: The doping of EB with protons to form the conducting emeraldine salt 
(PANI.HA) form of polyaniline (a polaron lattice) 
It has been proposed that the presence of coulombic interactions, dielectric screening 
and local disorder in the polyaniline lattice act to stabilize the delocalized polaron 
state [65]. It has also been shown that bipolaron states do exist in polyaniline, but 
they are few in number and are not associated with the conducting regions of the 
polymer [65]. 
HA emeraldine salts is dependent on the temperature [66] as well as humidity and 
hence, polymer water content [67,68]. In general, attachment of functional groups 
decreases the conductivity, whereas the formation of copolymers between aniline and 
functionalized aniline results in polymers with intermediate conductivity. In addition, 
the preparation conditions [69,70], particularly as they relate to the formation of 
structural defects [71] and the polymer morphology [72,73], influence conductivity. 
It has also been reported that the conductivity of PANI is dependent on the solvent it 
is cast from or exposed to. This phenomenon has been referred to as “secondary 
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doping.”[74,75]. The solvent causes a change in the polymer conformation that 
results in increased conductivity. 
However, the most significant dependence of the conductivity of PANI is upon the 
proton doping level [76]. The maximum conductivity occurs when polyaniline is 
50% doped by protons, to give the polaron lattice structure shown in Figure 2.21. 
Under these conditions, the conduction mechanism is similar to that for the other 
polymers described, with the polaron states overlapping to form mid-gap bands. The 
electrons are thermally promoted at ambient temperatures to the lower energy 
unfilled bands, which permits conduction [77]. 
Even so, the occurrence of a charge exchange phenomenon is necessary to produce 
the conductivity levels observed, even in 50% doped polyaniline, because of the 
presence of structural defects other than those caused by inadequate protonation of 
the nitrogen sites. It is proposed that this involves interchain or intrachain proton 
exchange as well as electron transport. This explains the observed dependence of 
conductivity on the ambient humidity, as the presence of water within the polymer 
lattice would facilitate this proton-exchange phenomenon [73]. 
At doping levels higher than 50%, some amine sites are protonated, and at levels 
lower than this some imine sites remain unprotonated. In both instances, 
delocalization of the charge carriers over the polymer backbone is disrupted, thereby 
reducing the polymer conductivity. When significant proportions of these 
nonconducting phases occur, polyaniline behaves in a manner equivalent to a 
conducting system in which metallic islands are dispersed throughout a 
nonconducting media. In such a system, transport of the charge carriers occurs 
through “charge energy-limited tunneling” involving long-range hopping. This is 
similar to that which occurs in granular conduction models, except that it occurs on a 
molecular scale in polyaniline. This complex relationship between the conductivity 
of polyaniline and the chemical nature of its environment has resulted in great efforts 
to characterize these phenomena and, particularly recently, to find applications where 
these unusual properties are of benefit. 
Recently, much interest has been shown in enhancing the order and consequent 
conducting properties of conducting polyaniline salts via postpolymerization 
treatment with an appropriate “secondary dopant”. In particular, much attention has 
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focused on the influence of m-cresol 1 solvent or vapor on the properties of the 
emeraldine salt PANI. (+)-HCSA obtained by doping emeraldine base (EB) with 
racemic (+)-10-camphorsulfonic acid [78–80]. Such emeraldine salt films cast from 
such doping reactions in DMSO, DMF, N-methylpyrrolidinone and chloroform 
solvents are considered to possess a “compact coil” conformation of their 
polyaniline chains [80,81]. These tightly coiled chains exhibit a characteristic 
localized polaron band at ca. 800 nm in their UV-visible spectra and show relatively 
low electrical conductivities (typically 0.1–1 S/cm). In contrast, emeraldine salts cast 
from similarly doped solutions in m-cresol solvent have been assigned an “expanded 
coil” conformation on the basis of their markedly higher electrical conductivities 
(150–200 S/cm) and strikingly different absorption spectra [80,81]. Most diagnostic 
is the replacement of the high wavelength (ca. 800 nm) polaron band by an intense, 
broad free-carrier tail absorption in the near infrared (1000–2500 nm). 
2.5.2 Chemical Properties 
Many of the properties of PPy mentioned in earlier chapters apply to polyaniline as 
well. The electron-rich nonpolar backbone of the polymer is accompanied by added 
functionality of the N heteroatoms that may participate in hydrogen bonding as well 
as introduce a polar group to the various forms. In the conducting state, polyaniline 
also has a positive charge delocalized over the backbone of the polymer and over a 
much larger range than in traditional ion exchange materials. The ion exchange 
properties of polyaniline can be derived from a similar source to PPy, although in the 
former, the positive charge is in the form of a radical cation rather than a dication. 
The effect of this difference on the chemical properties cannot be predicted with 
certainty. The dependence of this state of the polymer on the pH of its environment 
will also have a major contribution to the observed chemical properties. 
Several studies [82,83] have indicated that the strongest chemical interactions of 
polyaniline are anion exchange properties and that these properties differ in several 
ways from those of conventional ion exchange resins. The reason can be attributed to 
the charge delocalization. Charge configurational-related phenomena have also been 
observed in studies with amino acid interactions on polyaniline [84]. For example, it 
has been shown that, for two amino acids with similar charge densities but different 
molecular configurations, the ability to interact with polyaniline was markedly 
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different. Studies involving inverse chromatography [85] have shown that 
polyanilines are more hydrophilic than PPys, as might be expected from the 
increased charge density. It has also been observed that polyaniline stationary phases 
are capable of discriminating between polyaromatic hydrocarbons on the basis of 
planarity or length–breadth ratio [85a]. 
A smaller range of counterions has been incorporated into polyaniline than into PPy; 
therefore, the range of chemical interactions imparted by the counterions has not 
been as significant. A number of different functional groups are also available on 
substituted aniline monomers, although these have been investigated predominantly 
for their influence on the conductivity or polymerization of polyaniline, as mentioned 
previously. However, these could also be used to introduce various chemical 
interactions to polyaniline, in a manner similar to that described for PPy. 
Incorporation of bioactive molecules into polyaniline is not so readily achieved 
because electropolymerization must normally be carried out at low pH. However, 
thin polymeric coatings containing enzymes have been produced by polymerization 
from buffer solutions (pH=7) [86]. Tatsuma and coworkers [87] have immobilized 
horse radish peroxidase into films composed of a sulfonated polyaniline and poly(L-
lysine) or polyethyleneimine. 
In other work, enzyme-catalyzed polymerization was used to produce PANI with 
DNA as dopant. Interestingly, the polyaniline adopts the chiral nature of the DNA 
strands [88]. A number of dopants have also been incorporated into polyaniline to 
enhance the inherent electrocatalyst properties of the polymer. For example, Ogura 
and co-workers added tungsten trioxide to polyaniline-polyvinylsulfate electrodes, 
and used these to facilitate the electro reduction of CO2 to lactic acid, formic acid, 
ethanol and methanol [89]. 
In another report from the same laboratory [89a], a range of different Fe complex 
structures were added to polyaniline Prussian Blue films to enable the 
electrocatalytic reduction of CO2. Films of optically active polyaniline salts such as 
PANI(+)-HCSA, or the optically active EB derived from them, have recently been 
shown [90a,91] to exhibit discrimination toward chiral compounds such as the 
enantiomers of CSA– and amino acids. The studies suggest that these novel chiral 
materials may indeed have potential for the separaration of enantiomeric chemicals, 
such as chiral drugs. 
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2.5.3 Mechanical Properties of Polyaniline 
The mechanical properties of PAn differ considerably between the electrochemically 
prepared polymer and that produced from solvent casting. As described above the 
electropolymerized ES is highly porous and, consequently, has low mechanical 
strength. Freestanding films may be prepared electrochemically, but their poor 
mechanical properties limit their usefulness. In contrast, the polymer made from 
solution is much less porous and is widely used as freestanding films and fibers.  
2.5.4 Optical Properties of Polyanilines 
2.5.4.1 Emeraldine Salt Form of Polyaniline 
Semiempirical molecular orbital calculations [92] and, more recently, ab initio 
calculations [93] on the conducting emeraldine salt form of polyaniline predict, in 
contrast to PPy and polythiophene, the presence of a single broad polaron band deep 
in the band gap. This band is half filled, giving rise to an ESR signal.[94] These band 
structure calculations are in agreement with the observed UV-visible-NIR spectra of 
emeraldine salts, PANI. HA. In their “compact coil” conformation, emeraldine salts 
typically exhibit three peaks: a π–π* (band gap) band at ca. 330 nm and two visible 
region bands at ca. 430 and 800 nm that may be assigned as π→  polaron band and 
polaron → π*  band transitions, respectively [81]  (see Figure 2.22). 
 
Figure 2.22: UV-visible spectrum of the emeraldine salt PAn.(±)-HCSA and its 
corresponding EV in NMP solvent 
Electronic band structures have also been calculated for each of the base forms of 
polyaniline, namely, the fully reduced  leucoemeraldine base (LEB), the half-
oxidized EB and the fully oxidized pernigraniline base (PB) [95]. The observed UV-
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visible spectra of LEB, EB and PB are in good agreement with these calculated band 
structures. The lowest energy absorption band for LEB occurs at ca. 320 nm and may 
be assigned to the π–π* electronic transition, i.e., between the valence and 
conduction bands. For EB, as well as a similar low wavelength π–π* band, there is a 
strong band at ca. 600 nm that has been attributed to a local charge transfer between 
a quinoid ring and the adjacent imine-phenyl-amine units giving rise to an 
intramolecular charge transfer exciton [96]. Pernigraniline base also exhibits two 
absorption peaks: a π– π* band at ca. 320 nm and a band at ca. 530 nm assigned to a 
Peierls gap transition. 
Protonation of PB causes a violet-to-blue color change due to the formation of 
pernigraniline salt (PS). This change is associated with the loss of the PB band at 530 
nm and the appearance of a strong PS peak at ca. 700 nm. 
In general, conjugated polymers such as polyaniline show a strong coupling between 
their electronic structure and geometric features such as the polymer chain 
conformation. A number of theoretical studies have examined the influence of 
polyaniline chain conformation, and, in particular, the role of phenyl and 
phenyl/quinoid torsional angles along the chain, on the electronic structure of PANI 
(and consequently their electronic absorption spectra). These include semi-empirical 
calculations by Brédas et al.[95,97,98] and by de Oliveira on oligomeric models of 
the polyaniline base forms LB, EB and PB, as well as some ab initio calculations 
[99]. 
The position and intensity of the absorption bands for polyaniline species is therefore 
sensitive to the conformation adopted by the polymer chains, as well as the 
conjugation length. With emeraldine salts, the λmax for the longest wavelength 
absorption band is red shifted for polymers with longer conjugation length. Most 
interest in this particular polaron band has centered, however, on its use as a 
diagnostic test for the conformation of the polyaniline chains. As seen above in 
Figure 2.22, this band typically appears as a strong peak in the region 750–850 nm 
when the PANI chains adopt a “compact coil” conformation. However, when an 
“extended coil” conformation is adopted, this localized polaron band is replaced by a 
broad, strong free carrier tail in the NIR, with λmax red shifted to 1500–2500 nm. The 
delocalization of the polaron along the PANI chains in this “extended coil” 
conformation results in a much enhanced electrical conductivity. As a consequence, 
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extensive recent interest has appeared in exploring means of modifying PANI chain 
conformations, using UV-visible-NIR spectra (and associated circular dichroism 
spectra for chiral PANI) to monitor such changes. 
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3. EXPERIMENTAL PART 
3.1. Materials and Methods 
2-anilino ethanol   (Sigma Aldrich) was distilled under vacuum before using. Boric 
acid (Fluka), HCl (Fluka), HBr (Fluka), methane sulfonic acid (Fluka), Formic acid  
(Fluka), Citric acid (Fluka), H2SO4(Fluka), H3PO4(Fluka), Dodecyl benzene sulfonic 
acid (DBSA) (Fluka), Oxalic acid (Fluka), Acetic acid (Fluka), BF3 (E-Merck), 1-
methyl-2-pyrrolidone (Fluka),  and ammonium persulfate (Fluka) were obtained in 
an analytical grade and used as supplied. 
Instruments 
UV–vis spectra 
UV–vis spectra of Polymers in 1-methyl-2-pyrrolidone were recorded using a Perkin 
Elmer lamda 25 UV–vis spectrophotometer. 
FT-IR spectra 
FT-IR spectra were taken by a Perkin Elmer spectrum one FT-IR Spectrometer. 
NIR spectra 
NIR spectra were taken by Shimadzu NIR Spectrometer 
3.2. Preparation of the poly (2-anilinoethanol) 
2-anilinoethanol was polymerized in the presence of the different acids. But, BF3 , 
and methane sulfonic acid salts of the 2-anilinoethanol were obtained before 
polymerization reactions. 
3.2.1. Preparation of Methane Sulfonate salt of 2-anilinoethanol  
2-anilinoethanol (2 mL, 0.11 mol) was added to 20 mL of diethyl ether. To this 
solution was added 0.11 mol of methane sulfonic acid in 30 mL of diethyl ether 
dropwise with stirring. The reaction was continued for 1 h at 0 °C and 24 h at room 
temperature. After this time, precipitated 2-anilinoethanol methane sulfonate salt was 
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filtered and washed in an excess of diethyl ether to remove soluble fractions. The 
filtered cake was then dried under vacuum for 24 h. The reaction mechanism was 
depicted in Scheme 1. 
The same procedure was conducted for preparation of the 2-anilino ethanol with HBr 
and BF3.  
3.2.1.1. Polymerization of 2-anilinoethanol in the presence of different acids 
1 g of 2-anilinoethanol and 1 M of boric acid were added into 50 mL of water. To 
this solution, a 30 ml aqueous solution containing 1.7 g of ammonium persulfate was 
added dropwise (15–20 min. interval) at 0 0C.  The reaction mixture was kept for 24 
h at room temperature. 
The reaction mixture was filtered, washed with excess of water, and finally with 
ethanol. The sample was dried at room temperature under vacuum until constant 
weight was reached. 
3.2.1.2. Polymerization of 2-anilinoethanol salts 
1 g of the 2-anilinoethanol salt was dissolved in 50 mL of water and this solution was 
placed in ice bath. To this solution, a 50 ml aqueous solution containing 1.7 g of 
ammonium persulfate was added dropwise (15–20 min. interval) at 0 0C.  The 
reaction mixture was kept for 24 h at room temperature. 
The obtained polymers were filtered and washed with excess of water and ethanol 
respectively. 
The samples were dried at room temperature under vacuum until constant weight 
was reached. 
All solubility of the obtained polymers was investigated in different organic solvents 
given in Table 4.1. 
3.2.1.3. Characterization of poly (2-anilinoethanol) (PANI-OH) 
The different doped polymers were characterized by using UV-vis spectrophotomer, 
FT-IR spectrophotomer, NIR and conductivity measurements against to temperature. 
UV-Vis spectra of the doped polymers in 1-methyl-2-pyrrolidine (NMP) were 
performed. 
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Also, undoped polymers spectra were obtained in basic medium. The absorption 
spectrum of the dilute solutions was recorded in the range 1100-200 nm 
 FT-IR spectra of the polymers were measured directly from polymer particle by 
using ATR system. 
The doped polymers were dissolved in Dimethyl Formamide (DMF) than the 
polymer films were coated onto ITO glass by using solvent casting method. NIR 
results (absorbance, transmittance and reflectance measurements) were obtained 
from the dried polymeric films onto ITO. 
3.3. Electrical Measurements 
For studying the electrical conductivity measurements, the PANI-OH samples were 
prepared in the form of pellets under 10 ton. cm
-2
 pressure forming a circular disc 
with a thickness of about 0.5 mm. Electrical conductivity was measured as a function 
of temperature by alternating polarity method by using KEITHLEY 6517A 
electrometer. 
The activation energy was obtained from the measurements. 
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4. RESULTS AND DISCUSSION 
4.1. Preparation of poly (2-anilinoethanol) (PANI-OH) 
Oxidation of 2-anilino ethanol with ammonium persulfate (APS) (in 1.0:1.0 molar 
ratios) in water yields organo-soluble PANI-OH (Scheme 1). 
NH-CH2CH2OH  +       (NH4)2S2O8   
H2O
N N N N
n
HX
X X
+
R
R: CH2CH2OH
R
R
R
 
Scheme 4.1: Preparation of the PANI-OH 
 
Table 4.1: Solubility properties of Poly (2-anilinoethanol) (PANI-OH)  different 
dopants 
SOLVENT HCl BF3 PAMP DBSA Phosphoric 
Acid 
Methanesulfonic 
Acid 
Acetone + - + + ˪ ˪ 
Toluen + - ˪ + ˪ + 
Ethanol + ˪ + + ˪ + 
Methanol + ˪ + + ˪ ˪ 
THF + - + + + + 
Ethyl 
Acetate 
+ + + + + + 
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Obtained polymers prepared in water are all soluble in common organic solvents, 
such as NMP, DMSO, THF, acetone and 1,4-dioxane. Solubility experiments results 
were given in Table 1. Water, diethyl ether and hexane are non-solvents.  
The obtained polymers have hydroxy ethyl substitued group therefore solubility of 
the polymers are beter than the PANI. 
4.2. Spectroscopic Characterization of The Polymers 
The spectroscopic characterization of the polymers were performed by using UV-vis 
spectroscopy, FT-IR spectroscopy and NIR. 
UV–vis spectrum of the product prepared in NMP shows typical spectra of PANI 
obtained by common methods (Fig. 4.1).  
 
Figure 4.1: UV spectrum of Citric Acid doped PANI-OH 
Two absorption bands, one with maximum at 320 nm is associated with Π-Π*   
transitions of benzenoid and semiquinoid rings [100]. Blue shift of the second band 
by doping with acids are observed as usual. Another shoulder around 620 nm can be 
ascribed to the Π-Π*  transition for quinoid moiety according to the Uv-Vis 
spectrums of the polymers. According to the Fig 4.2, this peak was not observed in 
basic medium. 
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Figure 4.2: UV spectrum of PANI-OH Citric Acid doped (a), UV spectrum of  
PANI-OH in ammonia solution (b) 
 
Figure 4.3: UV spectra of PANI-OH with different acid dopants 
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Figure 4.4 : FT-IR  spectrum of Citric Acid doped PANI-OH 
FT-IR spectra (Fig. 4.4) of the  polymers show characteristic patterns of PANI. Only 
difference is that, quinoid ring vibration band at 1568 cm
−1
 is weaker in comparison 
to those of benzenoid ring vibration at 1495 cm
−1
.  
In the case of PANI prepared in water, these two peaks have almost equal intensities. 
This reveals that, the quinoid portion of the polymer must be around 40–50%, as 
suggested by Asturias et al. [101]. 
4.3 Electrical conductivity properties of PANI-OH doped different acids 
Electrical conductivities of the doped polymers were obtained by using electrometer. 
The obtained results were given in Table 4.2. 
The electrical conductivity of Boric Acid doped PANI is 1.02×10-4 S cm-1 [110]. 
The conductivity values change between 3.30×10-5 - 4.82×10-10 S cm-1 depending on 
dopants.  
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Table 4.2: Electrical conductivity values of PANI-OH doped different acids 
PANI-OH+DOPANT TEMPERATURE (K) ELECTRICAL CONDUCTIVITY 
(S cm
-1
) 
3-Tpiopheneacetic Acid 303.7 4.82×10
-10
S cm
-1 
BF3 307.6 3.80×10
-7 
S cm
-1 
Citric Acid 300.5 3.30×10
-5 
S cm
-1 
Phosphoric Acid 305 2.39×10
-7 
S cm
-1 
Iminodiacetic Acid 303.7 1.88×10
-7 
S cm
-1
  
Methanesulfonic Acid 306.7 1.18×10
-8 
S cm
-1 
Oxalic Acid 307.6 2.28×10
-7 
S cm
-1 
 
Conductivities were also studied depence on the temperature.  
 
 
Figure 4.5:  Plot of σ versus 1000/T of the 3-Thiopheneacetic Acid doped PANI-OH 
 
52 
 
Figure 4.6:  Plot of σ versus 1000/T of the  BF3 doped PANI-OH 
 
Figure 4.7:  Plot of σ versus 1000/T of the  Phosphoric Acid doped PANI-OH 
 
 
Figure 4.8:  Plot of σ versus 1000/T of the  Iminodiacetic Acid doped PANI-OH 
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Figure 4.9:  Plot of σ versus 1000/T of the  Methanesulfonic Acid doped PANI-OH 
The activation energy values were obtained from the figures and the results were 
given in Table 4.3. 
Figures show the electrical conductivity dependence of the temperature of the PANI-
OH doped different acids. Electrical conductivity of PANI-OH doped different acids 
increases with increase in temperature. The increase in the conductivity is due to the 
delocalization of charge carriers on the polymer chain. The electrical conductivity of 
organic semiconductors is analyzed by the well-known relation: 
        (1) 
where k is the Boltzmann constant, T the temperature, and σ0 the pre-exponential 
factor. [102] 
Typical calculations of activation energies of polymers were given as : 
Figures show the electrical conductivity dependence on temperature of the PANI-OH 
doped different acids. Figure indicate different conductivity regions, as I,  II and III.  
The activation energy values for regions I, II and III were separately determined 
from the slope of the regions indicated in Figures using eqn (1). The activation 
energy values for the regions (EI for region I, EII for region II  and EIII for region III). 
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Figure 4.10 : Plot of lnσ versus 1000/T of the 3-Thiopheneacetic Acid doped PANI-
OH 
 
Figure 4.11: Plot of lnσ versus 1000/T of the BF3 doped PANI-OH 
 
 
Figure 4.12: Plot of lnσ versus 1000/T of the Iminodiacetic Acid doped PANI-OH 
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Figure 4.13: Plot of lnσ versus 1000/T of the Methanesulfonic Acid doped PANI-
OH 
 
Figure 4.14: Plot of lnσ versus 1000/T of the Oxalic Acid doped PANI-OH 
 
 
Figure 4.15: Plot of lnσ versus 1000/T of the Phosphoric Acid doped PANI-OH 
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Table 4.3: Activation energies of PANI-OH doped different acids 
PANI-OH+DOPANT EI (eV)  EII (eV)  EIII (eV)  
3-Thiopheneacetic acid 0.60 0.38 0.18 
BF3 0.49 0.38 0.15 
Iminodiactic acid 0.65  0.44  0.17 
Methanesulfonic acid 0.70  0.43 0.31  
Oxalic acid 0.40  0.26 0.23  
Phosphoric acid 0.59  0.35 0.27  
The conductivity dependence of temperature of the polymer samples does not obey 
the single Arrhenius relationship in the investigated temperature range. In region I, 
the electrical conductivity is thermally activated conductivity that obeys the 
Arrhenius formula, meaning that the conduction is due to thermal excitation of 
charge carriers. In region II of all the samples, a deviation from the Arrhenius 
equation appears, that is, the conductivity increases fastly with respect to region I. In 
region III of thiopheneacetic acid, iminodiactic acid doped samples, the electrical 
conductivity increases at a higher rate, whereas, for BF3, methanesulfonic acid, 
oxalic acid, phosphoric acid doped samples, the conductivity increases at a lower 
rate. For BF3, methanesulfonic acid, oxalic acid, phosphoric acid doped samples, the 
activation energy value of region III is lower than that of region II. In regions II and 
III, the conductivity is probably due to interchain and intrachain conductivities. The 
activation energy value for region III is lower than that of region II and, in turn, the 
lower activation energy corresponds to the interchain conductivity, while higher 
activation energy is associated with intrachain conductivity [103, 104].  
4.4 Optical properties of PANI-OH doped different acids 
The optical absorption is one of most productive tools to understand the band gap of 
optical materials. The optical properties of a solid are governed by the interaction 
between the solid and the electric field of the electromagnetic wave [105]. 
The optical absorption method is used for investigating the optically induced 
transition and for providing information about the band structure of the organic 
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semiconductors. The nature of the optically induced transitions can be determined 
from the UV spectra. The optical band gap of the polymer samples can be obtained 
by the following relation [106,107],  
n
gEhAh )()(    
where α is the linear absorption coefficient, ν the frequency, h the Planck‟s constant, 
and n depends on the kind of optical transition which prevails. Specifically, n is 1/2, 
3/2, 2 and 3 for transitions directly allowed, directly forbidden, indirectly allowed 
and indirectly forbidden, respectively. A is a parameter that depends on the transition 
probability and Eg is defined as the energy band gap between the valence band and 
the conduction band. We plotted (αhν)2 versus hν photon energy using the data of 
absorption spectrum of these samples shown in Fig. 16-20. The optical energy band 
gaps of the direct transitions were obtained from the intercept of the (αhν)2 versus hν 
plots with the energy axis at (αhν)2 = 0 and are given in Table 4.4. As seen in Table 
4.4, the optical band gap changes with acid dopants.  
The obtained Eg values from the plots were given in the Table 4.4. 
 
Table 4.4: The band gap values of PANI-OH doped different acids 
PANI-OH+DOPANT EG(eV) 
 Citric Acid 3.85 eV 
 Phosphoric Acid 3.26 eV 
Oxalic Acid 3.09 eV 
Boron Trifloride 3.70 eV 
Iminodiacetic Acid 3.18 eV 
Methanesulfonic Acid 3.19 eV 
Dodecylbenzensulfonic Acid 3.66 eV 
Hydrochloric Acid  3.35 eV 
Poly(2-acrylamido-2-methyl-1-propansulfonic 
Acid) 
3.18 eV 
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The absorption edge shifts the higher wavelengths with acid dopant. This suggests 
that the optical band gap changes with acid dopant. The addition of acid dopants t 
into polymer creates a consequent effect on the optical band gap. The dopant is 
responsible for the formation of some defects in the polymers. These defects produce 
the localized states in the optical band gap. The density of the localized states is 
found to be proportional to the concentration of the defects [108]. The acid dopants 
may cause the changes in the localized states to overlap. These overlaps give an 
evidence for decreasing or increasing energy band gap when acid dopant is doped in 
the polymeric matrix [109].  
The decrease or increase in the optical band gap of the polymers can be explained by 
the increase or decrease in the degree of disorder in the polymers. The presence of 
the high/low dopant causes expanding/narrowing of the localized energy levels. 
Therefore, the decrease/increase in the optical band gap results from the localized 
states having high/low dopant. 
 
 
Figure 4.16: Plot of (σɦʋ)2 versus ɦʋ of the PANI-OH polymer doped Citric Acid 
and Phosphoric Acid  
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Figure 4.17: Plot of (σɦʋ)2 versus ɦʋ of the PANI-OH polymer doped Oxalic Acid 
and BF3  
 
Figure 4.18: Plot of (σɦʋ)2 versus ɦʋ of the PANI-OH polymer doped Iminodiacetic 
Acid and Methanesulfonic Acid 
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Figure 4.19: Plot of (σɦʋ)2 versus ɦʋ of the PANI-OH polymer doped 
Dodecylbenzensulfonic Acid and HCl 
 
 
Figure 4.20: Plot of (σɦʋ)2 versus ɦʋ of the PANI-OH polymer doped poly(2-
acrylamido-2-methyl-1-propansulfonic acid) 
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5. CONCLUSION 
In this study, 2-anilino ethanol which is an aniline derivative was polymerized in 
water by using different dopants such as BF3, HCl, etc. 
Solubilitiy properties of the polymers were investigated. The obtained polymer was 
characterized by using spectroscopic methods.  
The obtained electrical and optical results indicate that the various acids doped 
polymers are typical organic semiconductors with the determined optical band gap 
and room temperature electrical conductivity parameters. The electrical conductivity 
and optical band gap of the studied polymers change with dopants. This suggests that 
the electrical and optical propeties of the polymers based on PANI-OH can be 
controlled by doped with different acids. 
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